A novel method for efficient microfabrication in polylactic acid (PLA) using femtosecond pulse generated filaments is presented. Films and micro-woodpile structures of biodegradable plastic are laser engraved, drilled and cut through. The proposed technique is advantageous as the light filament ensures homogeneous energy concentration along the beam propagation axis, thus enables efficient energy delivery without axial translation of the sample. In comparison to sharp light beam focusing this method empowers avoidance of precise focal plane identification. In the experiment polylactic acid sheets and logs were immersed in water so the light filament is formed just above the processable material. The employed laser had a pulse width of 300 fs, average optical power of 5 W, and operated at 1030 nm with 25 kHz pulse repetition rate. This method was compared with traditional microfabrication using tight focusing by an 0.3 NA lens. Grooves, holes and various shapes were manufactured with a micrometer-scale precision as sample structures showing the simple implementation of the proposed novel approach. This method has a potential for finding numerous scientific and practical applications, among them micromechanics, microfluidics, cell growth experiments, and tissue engineering to mention as a few.
Introduction
Direct Laser Writing (DLW) using ultrashort pulses has established itself as an advanced diverse material processing tool for micro-/nano-precise two-dimensional (2D) and threedimensional (3D) structures. It can be employed in both subtractive [1, 2, 3] and additive manufacturing manners [4, 5, 6] by applying organic and inorganic transparent materials as well as metals. Despite these recent technological advances, ultrashort pulses are still interesting for the scientific community as it allows structuring of various materials via non-linear light-matter interaction phenomena. For instance, during the last decade, light filamentation in water and other transparent media was studied in detail by several research groups [7, 8] . Yet it still remains an active topic for homogeneous energy distribution along the formed filament [9] as well as its potential practical application for rapid microfabrication of transparent materials [10] . Almost all materials can be processed with ultrashort laser pulses at high precision with 3D processing capabilities that including metals [11] , dielectrics [12] , as well as organic compounds [13] . Currently, metals are successfully fabricated both by surface texturing [14] and cutting in deeper trenches [15] . Though UV lithography employing masks can be efficiently used for 3D scaffolds manufacturing [16] , it requires that the material is photosensitive for the applied irradiation wavelength which is a crucial experimental parameter [17] . Commonly, this is done by adding 0.5-2% w.t. of photoinitiator to the pre-polymer mixture. On the contrary, usage of fs pulses enable fabrication of optically transparent (non-photosensitized) materials, among them are elastomers [18] . Recently, a quasi-simultaneous mechanism of multiphoton absorbtion sequentially followed by avalanche ionization contributing to localized energy delivery resulting in cross-linking of the organic material was proposed [19] . Historically, plastics were drilled employing UV pulsed lasers [20] , lately it was shown that welding of these types of materials can be achieved as well [21] . Beam shaping employing active (SLM and DMD [22, 23] ) as well as passive (DOE or various masks [24] ) techniques dramatically increase efficiency of some certain structures. Even straightforward changing of objectives can be advantageous in augmentation of the fabrication throughput [25] . Simultaneous additive and subtractive DLW manufacturing seems to be potential for improving the functionalities of the created structures which cannot be achieved with single step techniques [26] . Femtosecond pulses enable generation of real nanofeatures at surfaces [27] or small modified volumes within the bulk [28] .
The material chosen here is PLA (PolyLactic Acid), which is already used for 3D DLW lithographic manufacturing for bio-related applications [29] . In general, polymers are attractive materials due to the possibility to incorporate them with functional non-linear materials [30] , fluorescent dyes [31] , and quantum dots [32] . It is worth mentioning that diverse laser-structurable polymers are biocompatible according to recent studies in vitro as well as in in vivo [33, 34] . The structures can be generated on substrates with different roughness and reflectivity [35, 36] . Micro-patterning of biodegradable polymers such as PolyCopraLactone (PCL) and PolyGlycolic Acid (PGA) using ultraviolet and femtosecond lasers was already reported previously [37] . Furthermore, surface modification of PCL membrane for tissue engineering applications was investigated [38] . At the same time, microfabrication of biodegradable materials for drug delivery remains an open issue [39] . Recently, near infra-red and visible fs pulses were applied for micro-precise processing of PLA [40] .
In this technical communication, we report a study of FPF (Femtosecond Pulse Filament)-assisted microfabrication in PLA -from surface modification to hole drilling and curved shape cutting. The FPF method and its advantages are introduced and discussed over the classical focusing. Potential applications in biofluidics are presented by perforating sheets of plastic and 3D woodpile microstructures [41] . The experiments were realized with controllable and reproducible microprecision.
Experimental procedure
All the experiments were carried out using an Yb:KGW femtosecond amplified laser system "Pharos" (Light Conversion Ltd.). The chosen parameters were as follows: average optical power P = 5 W, wavelength -1030 nm, pulse width -300 fs, the repetition rate was set to 25 kHz. Two different strategies of microprecision fabrication were employed: one using DLW by tight focusing using linear translation stages, and the other using FPF employing loose focusing conditions (100 mm focal length f-theta lens) and galvanometric scanner. The samples were translated using "Aerotech" linear motion stages or the two axis galvanometric scanner ("ScanLab Inc.") were used for the beam deflection. All setup was controlled and the process was automated by a laser fabrication software, SCA (Altechna Ltd.). Figure 1 shows a schematic drawing of the light-matter interaction at sharp focussing and FPF cases, respetively. The laser beam was focused with an NA = 0.3 and 10x microscope objective (in a standard sharp focused beam fabrication) or 100 mm f-theta lens (for filament assisted fabrication) to the PLA samples or covering water layer, respectively. For the conventional focused beam fabrication the corresponding focused spot was of ∼4 μm and the average laser power was adjusted depending on the specific exposure conditions and desired result. For the FPF the processable sample was immersed in water, the immersion depth was chosen to be approximately 0.5 mm. Typical writing parameters for FPF were: focal spot diameter equal to 55 μm and average laser power set to 5 W. One can find more of detailed information regarding light filament assisted rapid fabrication elsewhere [10] . In case of focused beam fabrication, the sample was raster-scanned in X-Y plane followed by the change of the focusing plane in Z direction. In case of single holes it was just a translation along the Z axis. In the case of FPF only X-Y plane was raster scanned as the sample thickness was less than the formed filament length. All the objects were characterized by scanning electron microscopy "TM-1000" (Hitachi Ltd.) without adding any conductive layer. The clear PLA material was purchased from "Ultimaker BV" and the sheet samples were prepared by heating it up to 200 • C and squeezing them between 2 glass slides. The micro-woodpile structure was 3D-printed using "Ultimaker" fused filament fabrication (FFF) 3D printer, the detailed protocol is described in [42] . In the presented study case clear as well as dyed (green and silver) PLA materials were used.
For the case of microscope objective focusing, filamentation does not occur due to insufficient pulse energy (the peak power of the pulse is below critical self-focusing limits). For the case of f-theta lens focusing, the pulse energy was set to approximately 200 μJ, thus the corresponding peak power is exceeded by 100 fold relative to the critical power for self-focusing to occur. Due to the high pulse energy the length of the filament can reach up to 3 mm (depending on the focal position chosen) and therefore the cut can reach similar depth values. These values are both demonstrated theoretically and experimentally in [10, 43] . The actual transverse dimensions of the filament are estimated to be less than 50 μm, however, due to the plasma coupling with the ablated target, the width of the cut varies depending on the material (due to better or worse plasma-target coupling). For PLA ablation the cut width is approximately 50 -60 μm. This value remains approximately constant as the depth of the groove increases.
Results

Microfabrication with focused fs light beam
Initially ∼200 -400 μm sheets of PLA were microfabricated with a focused fs light beam. The films were drilled through by percussive drilling with continuous translation of the focus in Z direction as well as their surfaces were engraved by producing uniform straight line ridges. The dimensions of the holes were chosen to be within the range corresponding to a single mammalian cell size. This was inspired by the currently active research vector of creating synthetic scaffolds by mimicking natural ones [44, 45] . Thus, a flexible and efficient method for the realization of 3D microarchitectures in biocompatible materials is of great interest [46, 47] .
The produced microstructures are shown in Fig. 2 . Laser processing parameters were chosen as follows: average optical power P = 5 -100 mW, single pulse energy E p = 0.2 -4 μJ corresponding to I = 4.2 − 83 TW/cm 2 (calculated according to the equation provided in [19] ).
The obtained surface modifications are seen in Fig. 3 . The groove width and depth increased as well as significant amount of debris was scattered around the structured microfeatures. Such surface modification are attractive for the enlargement of surface area and amplified wetting properties which are important for substrates and 3D scaffolds for cell culturing. The important note for such structuring is the ability to precisely tune the dimensions of the produced microfabrications by adjusting the employed laser power/exposure dose. 
Rapid fs pulsed light filament assisted fabrication
For FPF fabrication the focusing conditions were altered. An f-theta lens was used, the average laser power was increased to 5 W. This corresponded to a dramatic increase of E p = 200 μJ, yet a comparative I = 75 TW/cm 2 at a 55 μm diameter of the focused beam spot (described in details in [10] ). Such intensity is well above the laser induced damage threshold for most of the photopolymers [48] . Anyhow, such cutting ensures high efficiency while keeping a rather tolerable incision smoothness (shown in Fig. 9 ).
As seen in Fig. 4 the obtained grooves are much deeper then their width as a result of filament induced cutting (the most left cut separated apart the sheet into separate pieces, actually it can be >2 mm depth as was experimentally shown in [10] ). Holes were drilled trough the films and through the woodpile structure's logs. For the micro-grooves and freeform pieces microfabrication the beam deflection velocity was set to be v = 1 -100 mm/s.
Complex-shaped pieces: both positive and negative can be formed with this method. The positive ones can be cut out of the layer/bulk as the negative ones are have the same shape defect out of their volume (see Fig. 5 ). Functional microobjects such as microgears or arrows could be used for applications in biomechanics and micromechanics, both at the scientific as well as practical implementation level (see Fig. 5 -8 ). Optical density spectra of pure and colored PLA sheets were obtained with "UV Probe" ("Shimadzu") spectrophotometer (see Fig. 8 (a) ). (b) -various shapes sample microstructures processed (engraved, drilled) or obtained (cut out) via femtosecond pulse sharp beam focussing and filament-assisted fabrication as seen by the naked eye. The reference squares corresponds to 1 mm. Surprisingly, yet in spite of differently colored PLA there was no significant variation in laser processing parameters or deterioration in microfabricated sample quality as one could expect [49] .
Discussion
In this report, we have experimentally demonstrated that that liquid-assisted fabrication has several hereinafter mentioned advantages. The main factor is its contribution as a media for filament formation which allows homogeneous energy distribution along the beam and ensures efficient energy delivery required for rapid microfabrication. Thus, with the current experimental conditions the light filament helps to avoid the precise matching of focal plane to the sample as well as Z translation for samples of 2 mm and more. Additionally, it helps remove the excess of accumulated heat and ablation generated microparticles which stay on the sample as debris (noticed in performed experiments, but not presented here). In the studied case, for the femtosecond pulse-generated light filament formation and its efficient application for rapid fabrication at employed irradiation conditions a 10-fold higher average power was used. It is noticeable that efficiency increment dependence on laser power is almost linear and has no significant threshold within the examined range (at least as long as the beam peak power is exceeded by several fold [10] ). This offers higher power fs laser to be implemented for further increase of fabrication throughput. The proposed approach is practicable due to its disregard to the material filling ratio ( bulk or porous). The precise cut can be realized through all its thickness despite its micro-architecture as shown in Fig. 9 However, some drawbacks, such as sample submersion into the water should be taken into account. FPF requires a water reservoir, and in this case only 2.5D fabrication is possible. If curved surfaces are processed then additional Z axis positioning may become inevitable. Also, the absorption or irradiation wavelength in liquid cannot be neglected as it introduces energy losses and evaporation of the same liquid. Employment of frequency doubled (visible) wavelengths could be considered in the future experiments and targeted applications. Yet for the shorter wavelengths the self-action would be reduced and the non-linear absorbtion would be increased. Therefore in this requires additional theoretical and experimental investigation.
In the carried out experiments there was no significantly noticeable difference regarding the colors of the PLA material. Yet it is evident that for the visible wavelengths it would alter the fabrication results, thus power adjustment for each color would be necessary. 
Conclusion
In conclusion, we have experimentally implemented 300 fs pulsed light of 1030 nm for the ablation of biocompatible-biodegradable PLA material. This was performed by conventionally focusing the light beam with a NA = 0.3 lens as well as introducing 75 TW/cm 2 intensity light filament assisted fabrication. The later proposed method offers rapid fabrication and allows overcoming the common problem of accurately adjusting the focal plane as well as avoids the need of vertical translation in order to perforate plastic sheets or cut various shapes out of them. The employed method is simple and straightforward, requiring solely a sample immersion in to a water bath. Its potential applications are not limited to plastics or transparent materials, but can be used for the rapid and precise modification of ceramic, semiconductor, and metallic materials. The targeted fields of practice could be manufactured artificial scaffolds for cell culturing and tissue engineering as well as counterparts or containers micromechanics and microfluidics, giving a special concern on a 3D case.
